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INTRODUCTION
138 bilateral angular gyrus, DLPFC and anterior cingulate cortex (Westerhausen et al., 2010) . We 139 have taken another approach to examine brain activation produced by the BDLT, using a 140 sentence listening and speaker identification test to produce BOLD activation inside a 3T MRI 141 scanner. Here, we correlated the sentence-induced brain activation in a way that dissects out 142 components of receptive speech (speech, phonetics, intelligibility) . We examined activation for 143 each group (TD, LiD) of children's performance by BDLT listening mode (NF, FL, FR) and 144 interaural acoustic bias (interaural level difference, ILD).
145
Testing the hypothesis that children with LiD have problems with cortical language, attention 146 and executive function beyond the central auditory system, the predictions of this study were 147 that (i) children with LiD will perform normally on BDLT in Listen mode but will have difficulty in 148 Concentrate mode, based on their overall tendency to perform poorly on cognitive tasks despite 149 normal hearing; and (ii) children with LiD will have atypical brain activation associated with top-150 down processing of speech (intelligibility, speech), but not non-speech sounds (phonetics, 151 acoustics) correlated with BDLT performance. To investigate these predictions, we examined 152 BDLT performance in normally hearing 6-13 y.o. children and correlated that performance with 153 other tests of speech perception, cognition, and speech sound-evoked fMRI.
155
Participants 157
Children with LiD were recruited initially from a medical record review study of over 1,100 158 children assessed for APD at Cincinnati Children's Hospital (CCH; Moore et al., 2018) .
159
Caregivers of children diagnosed with APD (including those with a "Weakness") who responded 160 to invitation to participate were sent questionnaires including the ECLiPS, below, and a 161 background questionnaire. Those who completed and returned the questionnaires were invited 162 to bring their child into the lab for a study visit. Over time, recruitment expanded to include the 163 use of CCH IRB-approved materials, advertising, and messages via print, electronic, social and 164 digital media at hospital locations and in the local and regional area for participation of families 165 with children who had a "listening difficulty," or were "without any known or diagnosed learning 166 problem". Following a positive response and a brief telephone interview to screen for listening 167 status, families were sent the same questionnaire pack and were invited for a study visit as 168 described below.
169
Seventy four children aged 6-13 y.o. completed BDLT testing and secondary behavioral 170 testing. All of these children had normal hearing, bilaterally, defined as clear ears, A-type 171 tympanometry, and pure tone thresholds ≤ 20 dB at octave frequencies between 0.25 -8 kHz 172 ( Figure 1A ) using standard audiometric procedures. Additional, extended high frequency 173 audiometry (10 -16 kHz; Figure 1B ) was also obtained, but inclusion did not require any 174 criterion level of performance at these frequencies. Seventy children received MRI scanning 175 (95%).
176
The ECLiPS questionnaire (Barry & Moore, 2015; Roebuck & Barry, 2018 
197
A test session started with 12 practice trials (NF). For the first 6 of these (ILD = 0 dB), the 198 listener had to repeat one of the syllables correctly in 5/6 trials to proceed. For the second 6 199 trials, ILD varied between +15 (right louder) through -15 to 0 dB each two trials, and the listener 200 had again to get 5/6 trials correct to proceed. The practice trials were repeated if a listener did 201 not achieve the prescribed correct response rate. Five children (in addition to the 74) were 202 excused from the experiment when they failed to achieve the prescribed correct response rate 
239
TPVT is an adaptive test in which the participant is presented with an audio recording of a 257 Schmithorst & Holland, 2004) . Specifically, sentences were presented during a 6-second silent 258 interval followed by 6 seconds of fMRI scanning (details below). Following methods described 259 by Scott and colleagues (Scott et al., 2000) , recordings limited to < 3.8 kHz but otherwise 260 unprocessed were delivered as 'Clear' speech sentences. 'Rotated' speech stimuli were created 261 by rotating each sentence spectrally around 2 kHz using the (Blesser, 1972) technique. Rotated 262 speech was not intelligible, though some phonetic features and some of the original intonation 263 were preserved. 'Rotated and Vocoded' speech stimuli were created by applying 6 band noise-264 vocoding (Shannon et al., 1995) to the rotated speech stimuli. While the rotated noise-vocoded 265 speech was completely unintelligible, the character of the envelope and some spectral detail 266 was preserved. The listener's task was to make a button press after each sentence 267 presentation, indicating whether a cartoon image ('human' or 'alien') matched the speaker of the 268 sentence. In familiarization trials, before scanning, the clear speech was introduced as 'human' 269 and the rotated/vocoded speech as 'alien'. Each participant completed 3 practice trials with 270 verbal feedback from the tester. If a trial was completed incorrectly, the stimuli and instructions 271 were reintroduced until the listener showed understanding.
272

Procedure
273
All listeners wore foam ear plugs to attenuate the scanner noise, but they were still able to hear 274 clearly the stimuli delivered binaurally (diotically) via MR-compatible circumaural headphones.
275
Listeners completed 48 matching trials, 16 of each sentence type, with no feedback. To 276 maintain scanner timings, the sentence task continued regardless of whether a response was 277 made. However, if a response was not made on three trials in a row, the tester provided 278 reminders/encouragement over the scanner intercom between stimuli presentations.
279
Imaging
280
MRI was performed using a 3 T Phillips Ingenia scanner with a 64-channel head coil and Avotec 281 audiovisual system. The scanning protocol included a T1-weighted anatomical scan (1mm isotropic resolution) and the fMRI task described above using a sparse acquisition approach 283 ('HUSH'; TE = 30 ms, TR = 2000 ms, voxel size = 2.5 × 2.5 × 3.5 mm, 39 slices).
284
Analysis 285 286
Behavioral Analysis
288
ECLiPS, LiSN-S and NIH Toolbox data were separately analyzed in two-way mixed effects 289 ANOVA, with the Group variable (TD/LiD) and within-subject variables for subtests. Separate t-290 tests were used to examine composite scores.
291
Dichotic listening data were first analyzed in a four-way mixed effects ANOVA, with the 
299
To elucidate differences between groups in sensitivity to manipulating the physical acoustic 300 environment of the stimuli, a third, two-way ANOVA further reduced the variables to Group x 301 ILD, again based on the LI scores. Follow-up post hoc tests of main-and interaction-effects 302 were done with Fisher's LSD test. Significance threshold was set at p = 0.05 for all tests.
303
Correlations between DL, care-giver report, spatialized listening and cognitive function were First-level fMRI data were processed using FSL (FMRIB Software Library, https://fsl. fmrib. ox.
308
ac. uk/fsl/). Anatomical T1 data and functional data were first reoriented using FSL's 309 fslreorient2std. Next, the T1 data were brain extracted using FSL's BET. The brain extracted T1 image was then normalized and resampled to the 2mm isotropic MNI ICBM 152 non-linear 6th 311 generation template using FSL's FLIRT. For the functional data, the initial 3 time points were 312 discarded to allow protons to reach T1 relaxation equilibrium. Slice timing correction and brain 313 extraction were carried out using FSL's "slicetimer" and BET, respectively. Outlying functional 314 volumes were detected using FSL's "fsl_motion_outliers" with the default RMS intensity 315 difference. Cardiac and respiration signals were regressed out using AFNI's "3dretroicor". 
321
Second level analysis was also conducted using FSL. A GLM approach was used to create 322 group activation maps based on contrasts between conditions for all participants (i.e. regardless 323 of LiD/TD status). Group composite images were thresholded using a family-wise error 324 correction (p < 0.001) and clustering threshold of k = 4 voxels. Three BOLD activation contrasts 325 were used to search for brain loci responding to different aspects of speech perception 326 (modified from Scott et al., 2000) . First, the 'Speech' activation map contrasts a signal having 327 intelligibility, intonation, phonetics and sound with one lacking all these attributes except sound 328 (clear > rotated/vocoded). Second, the 'Intelligibility' activation map contrasts a signal having all 329 attributes with one retaining intonation, phonetics and sound (clear > rotated). Third, the 330 'Phonetics' activation map contrasts a signal having intonation, phonetics and sound with one 331 having only sound (rotated > rotated + vocoded).
332
ROI Analysis
333
These three activation maps were used to identify brain regions showing significantly increased 
RESULTS
340
Audiometry and caregiver report 341
No significant difference in pure tone auditory threshold detection was found between children 342 who were TD and those who had LiD across either the standard ( Figure 1A) or extended ( Figure   343 1B) frequency range. Children formed a continuum of listening abilities, as assessed by 344 caregivers, but two groups, TD and LiD were segregated, primarily on their total score on the 345 ECLiPS ( Figure 1C) . Two children in the LiD group who overlapped with the TD range of scores, 346 and an additional 11 children with LiD had a clinical diagnosis of APD.
347
Auditory perceptual and cognitive function 348
Listening to sentences in 'spatialized' noise (LiSN-S) was significantly (p < 0.01) impaired in 349 children with LiD on the Low Cue and High Cue conditions, and the derived Talker Advantage 350 measure (Figure 2A ). This pattern of results suggested that the children with LiD had problems 351 with both the procedural demands and the specifically auditory demands of the task.
352
Related to the disability of children with LiD to perform the listening task (LiSN-S), we found the PV subtest (mean difference between LiD and TD groups = 15.9 points) were similar to 360 those of the RR subtest (16.0 points). It therefore appears that the LiD group had a generalized, 361 multi-modal mild cognitive impairment relative to the TD group.
362
Dichotic listening 363 364
Children of all ages were generally able to complete the full 216 trials of BDLT testing in about 365 30 minutes, although there was a significant attrition rate as testing continued since the task is 366 not the most engaging and fatigue was commonplace in both groups. Participants with LiD were 367 more likely become frustrated or upset by the task. Frequent check-ins with the participant were 368 needed and short breaks (a few minutes) were not uncommon. However, neither fatigue nor 369 inattention were a basis for exclusion. Forced conditions were counterbalanced.
370
We first examined the BDLT results of all children in terms of number of syllables correctly 371 identified, with a maximum possible score under each condition of 24 (12 trials x 2 blocks. 3 372 ILDs x 3 Attention conditions; Figure 3 ). For no ILD (ILD 0 dB), all three attention conditions 373 (NF, FL, FR) showed a right ear advantage in both groups ( Figure 3A) . That advantage became 374 larger for ILD +15 dB ( Figure 3B ) and reversed for ILD -15 dB ( Figure 3C ), all as expected from 375 the DL literature, except that a REA was obtained even in the FL condition. For the ILD -15 dB 376 condition, it appeared that the ear differences were smaller for the TD than for the LiD group. An 377 overall four-way ANOVA was first run with the factor 'Age' as covariate to control for the small 378 age difference between the groups (see below). This analysis showed a significant three-way 379 interaction of ILD by ear by group: F(2, 142) = 5.70, p = 0.004, eta 2 = .07. The interaction was 380 followed-up with Tukey's HSD test which showed that, while both groups were able to shift to a 381 significant left ear advantage during the ILD -15 dB condition, this ability was exaggerated in the 382 LiD group, controlling for multiple comparisons. The LiD group were thus less able to modify the 383 acoustic ear advantage through cognitive influences.
384
To investigate group differences further, we next examined the Laterality Index (LI; Figure   385 4A). Three-way ANOVA showed a significant effect of ILD: F(2,142) = 4.45, p = 0.013, partial 386 eta 2 = 0.06. There was a significant two-way interaction of ILD by group ( Figure 4B ): F(2,142) = 387 6.87, p = 0.001, partial eta 2 = 0.08. Tukey's HSD test showed significantly higher Laterality in 
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Children with LiD performed normally in the BDLT Listen (non-forced) mode, as hypothesized, 447 but they also performed normally in the BDLT Concentrate (FL, FR) modes, despite significantly 448 impaired performance on speech-in-noise and cognitive tests. This is a new finding since most 449 previous research on auditory processing differences between TD and non-TD children has 450 focused on specific impairments in processing capacity of the left hemisphere, reflected in 451 differential scores in the FL mode (Westerhausen & Hugdahl, 2010) . The normal performance of 452 children with LiD in the ILD 0 dB condition suggests that their cognitive insufficiency did not 453 prevent them performing the DL task. Moreover, no significant differences were found between 454 the groups on the right ear or left ear scores, suggesting no systematic hemispheric processing 455 differences. Rather, the children with LiD were found to have a generalized disability to benefit 456 from interaural level differences between the dichotic stimuli. The small REA found in both 457 groups is consistent with weak REAs reported in previous studies of young children (Passow et   458 al., 2013).
459
Performance on BDLT of children with LiD was more affected by varying ILD than was that of 460 TD children. This could be because the children with LiD had a primary auditory problem, or that 461 they were less able to offset greater sound level at either ear through attention modulation 462 (Westerhausen & Hugdahl, 2010) . Poor LiSN-S performance, particularly on the spatial 463 advantage measure, may indicate a binaural interaction problem (Cameron & Dillon, 2008;  464 Cameron et al, 2014; Glyde et al, 2013) . Correlations between LI and LiSN-S advantage 465 measures at high ILD support this interpretation, but LiD and TD groups did not differ in this 466 respect. Inattention is a primary symptom of LiD, although its relationship to APD is 467 controversial (Moore et al., 2010; Moore, 2018). However, there seems to be general 468 agreement that many if not most children undergoing APD evaluation have attention difficulties that, at least, need to be taken into account by the examining audiologist (American Academy of 470 Audiology, 2010).
471
Age
472
There have been few studies of children using the BDLT. Age effects in this study generally
